The Impacts of Ionospheric Space Weather
An applied research perspective OR
“How to condense 20 years of applied space weather research into 15 minutes”
Anthony J. Mannucci
Jet Propulsion Laboratory, California Institute of Technology

Phil Stephens
Attila Komjathy

Xiaoqing Pi
Olga Verkhoglyadova
Brian Wilson
Lawrence Sparks
Mark Butala

Tom Runge
Byron lijima
Vardan Akopian

From Lanyi and Roth
Radio Science, 1988

Collaborator at University of Southern California:
Prof Chunming Wang




@ Overview

Navigation, Radar, Communications

The fundamental issue: variability

* Applications

Solutions
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N(}ﬂ Regions In Geospace: Ionosphere is
e Near-Earth Space

INCOMING SOLAR WIND PARTICLES

7— DEFLECTED SOLAR WIND PARTICLES

{—EARTHS ATMOSPHERE (0-100 km)
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Deep Space Navigation: An Application of
Space Weather Research

* Angular accuracy requirement
S/C at Mars, Jupiter, etc. * 0.12 urad
* 24 milliarcsec

* Time for Earth to rotate 0.12 urad
is 1.6 millisec

* Distance precision over one Earth
radius: 0.75 m

Celestial
Reference
Frame
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Ionosphere

Doppler signature from one
tracking station Troposphere
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0 1s spacecraft declination
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Day-to-Day Variability

Range Delay at L1 (m) Hamilton, MA 1981
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Variability During Geomagnetic Storms
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@ Solution: Observations

GPS él‘ransmitter (altitude 20,230 km)

RF Delay ~ 1/f*
L1 =1575 GHz
1.2 =1227 GHz
Topex/JASON (1,335 km)
Radarpulse [ Ko band 1 m of delay = 6.2x10'6 el/m?
11 C-band TEC “Total Electron Content”
1000 km
O SAC-C (715 km)
GPS
Ionosphere Receivers

100 km

v Ground Based GPS Receiver
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@ Global Ionospheric Map (Vertical TEC)

10/15/11 :
10:50 UT Ionospheric TEC Map
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Impact of Ionospheric Storms on Tracking
Data
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Lead: Tom Runge
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@’ Civil Aircraft Navigation: Another Space
Weather Application

Navigating Aircraft Using GPS (single frequency)

Critical Requirements:

* Safety-of-life

* High availability

* Bound ionospheric error to 99.999% certainty

o

“Extreme Storm Detector”
Deny WAAS ionosphere correction during extreme storms

Without the ESD, margins are not met under the most extreme conditions

Lead: Larry Sparks
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Extreme Storm Detection
October 29-31, 2003

Monitor goodness-of-fit over entire US region
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@’ The “Threat”: Undersampling of a large
“irregularity”

10/31/2003, 05:00:00UT

Formed in the
aftermath of the
large TEC increases

* Science
* Applied Research

L
o
Vertical lonospheric Delay inm

1 7 -~ a A . 3
—:1300 -95 -90 -85 -80 =75 -70 -65
Longitude T. Walter, Stanford
Highly localized irregularities in ionospheric TEC represent an integrity threat.

(Note: 5 measurements that sample the irregularity have been removed.)
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Radar Applications Affected by Earth’s
Ionosphere

lonosphere

Satellite within Earth’s ionosphere

OTHB Target
Radar Area

Over-the-Horizon Radar

Ionosphere introduces
additional signal “range”

Solution: monitor
ionosphere local to the
radar site
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Global Assimilative Ionosphere Model (GAIM):
Electron Density Model of the Ionosphere

Space !
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Attud )

Nested Grid GAIM:
High Spatial Resolution Locally

VTEC Map from gaim_state_ril_20031029_194800.mat
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JPL/USC GAIM++: A Numerical
Space Weather Prediction Model

Geometry

F

—

Physics Input Forward Model
ExB Driftw
+ empirical ExB Drift o )‘ Flux on P-surfaces
<Electron Temperalurew <
«lon Temperatures,, | parallel Velocity Flux on Q-surfaces
* empircal (convection) (expicit component)
«lon-Neutral Collisions
«lon-lon Collisionsw
. s.mplvkxl
Gravity,, Parallel Velocity ,, Flux on Q-surfaces
+ empirical (diffusion) (impiicit component)
«Horizontal \Mnd( 5
+ HWMe3

«Neutral Densitiesm
«Neutral Temperature -

+ MSIS 90 Chemical Reactions
+ NRL MSIS 2000

«lon Temperaturesm
\_ + empirical )
/+Solar EUV irradiance  \

» EUVe4
«Optical Depth
» empirical

«Gravity , Solar Production
+ empirical v
«Neutral Temperatures V
«Neutral Densities o
+ MsISs0

AN

Production due to
Chemical Reactions

—

2

N

Production due to
Solar Radiation

k NRL MSIS 2000 /

Perturb the
physics drivers
with a

|||| Start with initial
parameter a=a"’

Solve Forward Equation
« save state »* and matrices 4, and B_on each step

* mark the time steps
At At At

——— - ]

Solve Adjoint Equation (backwards)

At At 4t

Going backwards, for each time step

« read the observations for the time step

« calculate residual and innovation vector g,

« accumulate the norm of the residual in cost function J

« solve adjoint equation using 4,  and B, to find the co-state v,

« calculate Fk/ for each element of the parameter a

« accumulate the sum kak! in V‘J

—

{ } Run L-BFGS
<:|] Check the cost function. iteration to

Exit if small enough. update a

Physics-Based Model of the 4DVAR

Ionosphere
(With Adjoint)

Lead: Phil Stephens

Solve Forward Equation
« save state »* and matrices 4, and B, on each step

« record the time steps the forward solver took

« Propagate covariance P in time using 4, and B,
P=(47B)P(4'B)
« Add process noise to the covariance: P=P + 0,

Y

Read observation batches

-~ ~ — P

|
e |

-

\i

At

Going forward, for each time step

« read a batch of maximum N__ observations in the time step

« calculate the observation matrix # and residual dy

» get the measurement noise covariance R

» calculate the Kalman update matrix: X = PH (HPH'+R)"

» calculate the Kalman update to the state and the covariance
n=n+Kdy and P =P - KHP

» constraint the state by replacing negatives with 0.

==
-
==}
==
<n

B

}

Kalman Filter

Assimilation Modules
Modity model output based on data

From Vardan Akopian’s Ph.D. Thesis, USC
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@ Ocean Altimetry: A Space-Based Radar

gl_gdr_20030312_010.alt

TOPEX-JASON series of scientific/operational
ocean altimetry satellites (1992-ongoing)

Requirement: cm-level instantaneous precision
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Lead: Attila Komjathy Latitude (deq)
Space Weather Risks and Society Workshop — NASA Ames — Oct 15 2011 AJM/JPL 19



Synthetic Aperture Space-Based Radar

First radar images of aurqprfll arcs. < 1 km spatial resolution
FR [deq]
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@ Communications

« Communications are atfected by small-scale ionospheric
irregularities that cause radio frequency signals to
“scintillate”

 Air Force maintains a world-wide network of radio beacons
to monitor ionospheric conditions

&,
SATCOM

* The C/NOFS satellite
(Communications/Navigation
Outage Forecasting System) n—

provides low-latitude information lGoapbuiy ‘. ; 5 '\s“" °""';j°“‘
from a 13° inclination orbit B 3 Ty
 C/NOFS models determine ——% 3 '¢<{:mo|=s

conditions favorable to formation of g'g;ggg»\ 2R, we

irregularities (plasma instability) BB s

Scintillations

|

Ground Receiver Operational Receiver

Scintillation affects NAV also G
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Low Earth
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Planned for 2015:
COSMIC-2/FORMOSAT-7

Constellation of -12 satellites
carrying GNSS receivers.
6 in low inclination.
6 in high inclination.
Tracking two GNSS

» constellations.
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Understanding Future Benefit:
Observation System Simulation Experiment (OSSE)

COSMIC-2 significantly improves nowcasts over ocean regions

dTEC over ocean (GAIM) - Probability[ | dTEC|<10%]
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Summary (1)

We have summarized the challenges of nowcasting:

estimating how applications are affected by
ionospheric conditions based on limited data from
a “different” time and place

Forecasting represents another formidable
challenge to estimate impact hours to days in
advance

GPS-based observations from ground and space
are essential

DISCOVR is essential for science, provides 1 hour
lead time

— Follow on the ACE satellite measuring solar wind at L.1

Solar monitoring essential for 1-2 day lead times
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“(Q\Sf‘ Summary (2)

 Meeting the space weather challenge requires
investments in both science and applied research

* Near real-time observing network must be
maintained and increased

— Not shown: continuous validation of the model output

 Improvements to nowcasting and forecasting
require dedicated efforts combining both the
purely scientific endeavor to understand and the
developments of models and techniques to create
products for users
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